Mannose receptor 2 (Mrc2) expresses an extracellular fibronectin type II domain that binds to and internalizes collagen, suggesting that it may play a role in modulating renal fibrosis. Here, we found that Mrc2 levels were very low in normal kidneys but subsets of interstitial myofibroblasts and macrophages upregulated Mrc2 after unilateral ureteral obstruction (UUO). Renal fibrosis and renal parenchymal damage were significantly worse in Mrc2-deficient mice. Similarly, Mrc2-deficient Col4a3 2/2 mice with hereditary nephritis had significantly higher levels of total kidney collagen, serum BUN, and urinary protein than Mrc2-sufficient Col4a3 2/2 mice. The more severe phenotype seemed to be the result of reduced collagen turnover, because procollagen III (a1) mRNA levels and fractional collagen synthesis in the wildtype and Mrc2-deficient kidneys were similar after UUO. Although Mrc2 associates with the urokinase receptor, differences in renal urokinase activity did not account for the increased fibrosis in the Mrc2-deficient mice. Treating wild-type mice with a cathepsin inhibitor, which blocks proteases implicated in Mrc2-mediated collagen degradation, worsened UUO-induced renal fibrosis. Cathepsin mRNA profiles were similar in Mrc2-positive fibroblasts and macrophages, and Mrc2 genotype did not alter relative cathepsin mRNA levels. Taken together, these data establish an important fibrosis-attenuating role for Mrc2-expressing renal interstitial cells and suggest the involvement of a lysosomal collagen turnover pathway.
CKD is caused by two distinct pathogenetic events: a unique initiation phase triggered by one of numerous congenital or acquired disorders, and a common progression phase characterized by renal parenchymal destruction due to excessive accumulation of interstitial extracellular matrix proteins, especially fibrillar collagens. 1 At the center of the fibrogenic response is a population of unique interstitial fibroblasts that appear de novo in response to chronic injury, where they synthesize significant quantities of collagen in response to local fibrogenic signals (especially TGF-b). Left unchecked, the adjacent tubules eventually lose their regenerative capacity and succumb to death pathways, apoptosis, and possibly autophagy.
The primary endogenous defense pathway that minimizes fibrosis-associated renal parenchymal destruction is matrix degradation by specialized proteases. Despite a wealth of data on the substrate specificity of matrix-degrading proteases, it has proven challenging to translate in vitro observations into renal fibrogenesis because it occurs in vivo; the identity of the primary endogenous proteases that regulate matrix accumulation rates and preserve nephron integrity remain elusive. This is likely because of the fact that most of these proteases are multifunctional, with effects that extend beyond matrix proteins within extracellular regions to cleavage-dependent activation of several other molecules, and to cellular effects ranging from interactions with cellular receptors, cytoplasmic signaling pathways, and even intracellular localization. [2] [3] [4] [5] [6] The matrix metalloproteinases (MMPs)-a large family of zinc-dependent enzymes, each with preferred primary matrix substrates-were assumed to be the primary regulators of renal matrix degradation until studies in genetically engineered mice yielded some surprising results. For example, renal MMP-2 activity is remarkably increased in response to chronic injury such as ureteral obstruction, 7 yet when mice were genetically engineered to express high MMP-2 levels in proximal tubules, they spontaneously developed interstitial fibrosis, presumably due to detrimental effects on the epithelium-like cells. 8 Genetic MMP-9 deficiency actually reduced renal fibrosis severity in mice with ureteral obstruction. 9 MMP-7, or matrilysin, is another family member that is upregulated and implicated in the genesis of fibrotic disorders. 10 Plasmin, a serine protease that activates several MMPs in vitro, and its own activator, tissue-type plasminogen activator, have paradoxically been associated with fibrosis progression in mouse CKD models. 11, 12 Although a systematic interrogation of all MMPs is far from complete, which MMPs (if any) serve a protective role during renal fibrosis remains unknown. Yet, it is clear that renal interstitial collagen does remodel and that early renal fibrosis may even be reversed. [13] [14] [15] Elucidating these endogenous matrix turnover pathways would open new therapeutic avenues.
Largely overlooked until recently, new evidence suggests that intracellular processes may make an important contribution to collagen turnover. Surprisingly, these pathways may even exist within fibroblasts, cells that are traditionally viewed as the perpetrators of fibrosis. In vitro studies dating back 30 years first reported that fibroblasts could degrade collagen. 16 More recent studies suggested that collagen phagocytosis via the a 2 b 1 integrin was the primary cellular pathway. 17 However, a series of in vitro studies published since 2000 report that the fibronectin type II domain of the mannose receptor 2 (Mrc2) functions as an endocytic receptor for soluble collagens using clathrin-coated pits to deliver collagen cargos to endolysosomes to be degraded. 18 Mrc2 is one of four members of the mannose receptor family, each a constitutive recycling receptor, but with distinct ligands. 19 The other members are mannose receptor 1, 20 the M-type phospholipase A2 receptor, 21 and dendritic cell DEC-205/LY75. 22 Cultured Mrc2 +/+ fibroblasts were shown to internalize collagens I, VI, and V; it has been predicted that additional collagens may also be degraded via this pathway. 18, [23] [24] [25] Inhibition by E64d suggests that the collagenolytic lysosomal cathepsins are involved. [25] [26] [27] One physiologic function of Mrc2 seems to be in bone formation. 28, 29 Mrc2 almost certainly has additional functions. Indeed, three independent groups of investigators first identified new receptors while pursuing diverse interests and each was subsequently shown to be identical to Mrc2. In 1990, Isacke et al. identified it as the target 180-kD antigen of an antifibroblast antibody in 1990 (p180, or Endo180) 30, 31 ; in 1993, Behrendt et al. reported it as a protein associated with the urokinase receptor (uPAR) 32 ; and in 1996, Wu et al. identified it as a C-type lectin receptor. 33 Mrc2 expression is typically induced at sites of tissue remodeling in response to injury. At these sites, fibroblasts and myofibroblasts are a major source, although it can also be associated with subsets of macrophages and endothelial cells.
Given our findings that uPAR is upregulated and serves an antifibrotic role in experimental CKD, [34] [35] [36] we were interested in the expression and function of its co-receptors. Despite its impressive ability to degrade soluble collagen in vitro, evidence that Mrc2 serves this role in vivo during solid organ fibrosis is lacking. In this study, which is based primarily on the unilateral ureteral obstruction (UUO) model of CKD, we report upregulated Mrc2 expression by myofibroblasts and macrophages and significantly worse fibrosis in Mrc2 knockout mice. Significantly worse fibrosis and renal functional impairment was also observed in Mrc2 2/2 mice with hereditary nephritis compared with their Mrc2 +/+ littermates.
RESULTS

Mrc2 Is Expressed in Experimental Models of CKD
Baseline Mrc2 levels are very low in normal mouse kidneys. In response to chronic injury induced by UUO, protein levels increased eight-to 10-fold ( Figure 1 ). By immunostaining, Mrc2 was shown to be expressed by numerous cells throughout the interstitium. In two less aggressive models of chronic kidney injury, induced by two injections of nephrotoxic serum (NTS) 37 or caused by a genetic defect in the basement membrane protein collagen a3 (IV), 38 Mrc2 protein was also upregulated and localized to interstitial cells ( Figure 2 ). Dual staining confocal microscopy determined that a subset of platelet-derived growth factor receptor-b (PDGFR-b) positive myofibroblasts (14% and 15%), a2smooth muscle actin (aSMA) positive myofibroblasts (15% and 17%), and F4/80 + macrophages (16% and 4%) expressed Mrc2 7 and 14 days after UUO, respectively ( Figure 3 ).
Renal Fibrosis Is More Severe in Mrc2
2/2 Mice with UUO To assess the functional significance of Mrc2 in CKD, the degree of renal fibrosis was compared between Mrc2 +/+ and Mrc2 2/2 mice 7, 14, and 21 days after UUO. Total kidney collagen measured using the hydroxyproline assay was significantly higher in the Mrc2 2/2 mice at 14 and 21 days (28% and 76%, respectively) (Figure 4 ). These differences were confirmed by quantitative computer-assisted image analysis of the interstitial area occupied by picrosirius red-positive collagen fibrils (Figure 4) . Because of the presence of a normal contralateral kidney, measures of glomerular function cannot be used to assess the effect of fibrosis on renal function in the UUO model. As surrogate measures of parenchymal damage, the number of terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin nick end labeling (TUNEL) positive apoptotic tubular cells were measured and found to be significantly higher, whereas the density of CD31 + interstitial capillaries was significantly lower in the Mrc2 2/2 kidneys ( Figure  5 ). We next investigated the possibility that differences in TGF-b activity might contribute to greater tubular cell damage in the Mrc2 2/2 mice. By quantitative real-time PCR (qPCR), kidney mRNA levels for both TGF-b1 and its receptor TGF-bR1 were significantly higher on days 14 and 21 in the Mrc2 2/2 mice ( Figure 6 , A and B) and increased activity was suggested by higher phospho-Smad3 (pSmad) proteins levels measured by Western blotting (Figures 6, C and D) . Although immunostaining identified several pSmad3 positive cell nuclei in the obstructed kidneys, the majority of the cells were tubular epithelia ( Figure 6E ).
The fibrosis-attenuating effects of Mrc2 were confirmed in a mouse model of hereditary nephritis caused by a genetic mutation in procollagen IV (a1) (Col4a3 offspring that were studied at 4 months of age. All mice underwent a unilateral nephrectomy at 2 months of age, on the basis of our preliminary findings that the pace of interstitial fibrosis was accelerated in single kidney hereditary nephritis mice (data not shown). Total kidney collagen levels, serum BUN levels, and urinary protein/creatinine ratios were significantly higher in the Col4a3 2/2 Mrc2 2/2 mice ( Figure 7 ). Glomerular matrix areas, measured as the methenamine silver-positive glomerular tuft area, were similar in Mrc2 +/+ and Mrc2 2/2 mice, suggesting that the antifibrotic effects of Mrc2 are primarily operative at the interstitial level.
Collagen Turnover Is Reduced in Mrc2
2/2 Mice with UUO Kidney mRNA levels for procollagens I and III-the primary fibrillar collagens expressed in the kidney in response to chronic injury-are dramatically upregulated in the UUO model ( Figure 8A ). In a separate cohort of wild-type mice, we confirmed that kidney procollagen I (a1) and III (a1) mRNA levels were persistently upregulated 7-21 days after UUO. Because transcription is considered the rate-limiting step in collagen synthesis, these data suggest a remarkable increase in fibrillar collagen synthesis in response to UUO. Procollagen I (a1) but not procollagen III (a1) kidney mRNA levels were significantly higher in the Mrc2 2/2 mice at 14 and 21 days (n=10 mice per group) ( Figure 8 , B and C). To further investigate the dynamics of collagen turnover, collagen synthesis rates were measured by adding 8% deuterium to the drinking water (days 0-14) after an intraperitoneal loading dose, to measure the rate of deuterium incorporation into hydroxyproline in newly synthesized collagen. 39 The amount of newly synthesized collagen 14 days after ureteral obstruction was similar between Mrc2 +/+ and Mrc2 2/2 mice ( Figure 8 , D and E). Together, these data imply that decreased collagen breakdown contributes at least partially to the increase in collagen levels in the Mrc2 2/2 mice.
Mrc2 Expression by Interstitial Myofibroblasts and Macrophages
The cellular response to chronic kidney injury is characterized by the de novo appearance of a population of interstitial aSMA+ and PDGFR-b+ myofibroblasts and a significant increase in the number of interstitial macrophages. After UUO, the number of aSMA+ myofibroblasts was significantly higher in the Mrc2 2/2 mice on days 14 and 21 ( Figure 9 , A-C), whereas the number of F4/80+ macrophages were similar between the genotypes at 7, 14, and 21 days (Figures 9, D-F 
Renal Cathepsins Are Upregulated and Promote Kidney Fibrosis
Because the identity of the specific collagenolytic enzymes that regulate interstitial collagen turnover rates in the kidney is unknown, we considered the possibility that the presence of Mrc2 might enhance uPA activity via a mechanism that involves its known interactions with uPAR (Mrc2 is alternatively known as uPAR-associated protein). Measurement of renal urokinase (uPA) activity via plasminogen gel zymography confirmed increased uPA activity in response to UUO (as previously reported). 40, 41 Hereditary nephritis due to genetic deficiency of IV (a1) procollagen causes slowly progressive renal insufficiency and death at 8-10 months of age in C57BL/6 mice. Kidney tissue examined at 6 months of age showed diffuse interstitial inflammation and tubular damage by periodic acid-Schiff staining (E) and interstitial picrosirius red+ collagen deposits (F). At this time-point, kidney Mrc2 protein levels measured by Western blotting were similar to day 14 UUO levels (G) and immunolocalized to interstitial cells (H). Bar graphs are mean band densities expressed as mean 6 SD. The photomicrographs are magnified 3400.
Levels were similar in Mrc2 +/+ and Mrc2 2/2 mice at 14 days but significantly higher in the Mrc2 2/2 mice with worse fibrosis at 21 days ( Figure 10 ). Because previous studies on the proteasedependent effects of uPA have found either no effect on fibrosis severity or an antifibrotic effect, mediated by proteolytic activation of hepatocyte growth factor, 42-44 the fibrosis-attenuating effects of Mrc2 cannot be explained by differences in uPA activity. An alternative possibility is that collagenolytic lysosomal enzymes-primarily members of the cathepsin family-degrade collagen after its import into endolysosomes by Mrc2. Measured by qPCR, whole kidney mRNA levels for the collagenolytic cathepsins L, K, S, and C were markedly increased in response to UUO, whereas cathepsin B mRNA levels decreased ( Figure 11A ). Levels were similar in Mrc2 +/+ and Mrc2 2/2 kidneys. By dual staining confocal microscopy, cathepsin K (the most potent collagenase) 45 was shown to be expressed by both tubular cells (which lack Mrc2) and Mrc2+ interstitial cells (Figure 11B ). To determine the collagenolytic cathepsin expression profile within fibroblasts and macrophages and to determine if cathepsin expression is dependent on the Mrc2 genotype, mRNA levels were measured by qPCR in four mouse cell lines: Mrc2 +/+ fibroblasts, Mrc2 2/2 fibroblasts, Mrc2 high macrophages (expression induced by IFN-g), and Mrc2 low macrophages ( Figure 11 , C and D). Expressed relative to CtsS, which was the least abundant collagenolytic cathepsin in all four cell types, differential expression was similar in Mrc2+ fibroblasts ( Figure 11 ) and macrophages ( Figure 11D ): CtsL.CtsK. CtsB.CtsC. Similarly to the kidney data, Mrc2 genotype had little effect on the relative mRNA levels (data not shown), suggesting that factors other than Mrc2 regulate the expression of the collagenolytic cathepsins. Treatment of a group of mice with the cathepsin inhibitor E64d significantly increased kidney collagen levels after UUO, supporting a role for renal cathepsins in collagen turnover in vivo ( Figure 11E ). By electron microscopy, most of the interstitial cells within the widened interstitial space of a day 14 UUO kidney that express prominent lysosomes seem to be macrophages ( Figure 11F ).
DISCUSSION
Mrc2 Expression Is Minimal in Normal Kidneys
To our knowledge, this study is the first to report Mrc2 expression by subsets of interstitial macrophages and myofibroblasts that invade the renal interstitium in chronically damaged kidneys. Expression was demonstrated in three experimental models (a genetic model of GN, an immunemediated model of chronic GN, and a model of progressive obstructive nephropathy), suggesting that the presence of Mrc2-positive interstitial cells is a common response to chronic renal parenchymal injury in which matrix remodeling is in progress. Mrc2 was shown to serve an important fibrosisattenuating role in wild-type mice compared with Mrc2 knockout mice. What is particularly remarkable is that the relative differences between the genotypes become progressively greater as the duration of UUO-induced chronic injury increased such that total kidney collagen was 36%-46% lower in the Mrc2 +/+ mice on day 21, depending upon the measurement method. Renal fibrosis attenuation and functional preservation were confirmed in the Col4a3 2/2 mice that expressed Mrc2 compared with those that were Mrc2 deficient.
Mrc2 is a 180-kD cellular receptor that is characterized structurally by a cysteine-rich N-terminal domain, a fibronectin type II domain (the collagen binding site), eight C-type lectin-like domains, and a short transmembrane domain. Current evidence indicates that Mrc2 serves primarily as an endocytic receptor that shuttles extracellular cargo to endolysosomes for degradation via a process that involves clathrincoated pits. 18 Once this process is complete, Mrc2 recycles back to the cell membrane-a cycle that may occur as often as 10 times per hour. 31 Extensive in vitro evidence, based primarily on studies in fibroblasts, suggests that collagens (I, III, IV, and likely others) are the major Mrc2 ligands. Remarkably, Mrc2 can internalize native as well as denatured collagens, although collagenase-mediated cleavage increases Mrc2 binding. 18, 23 Mrc2 expression by either stromal cells or malignant cells has been associated with enhanced tumor invasion and metastasis. 25, [46] [47] [48] This study reveals that it also serves an important role in solid organ fibrosis by reducing the rate of interstitial collagen accumulation, resulting in protection of the surrounding parenchyma from fibrosis-associated destruction.
Our findings in the UUO model of CKD are consistent with in vitro studies, which have established an important role for Mrc2 in collagen turnover. Despite approximately 40% lower total kidney collagen levels in the wild-type mice 21 days after UUO compared with Mrc2 2/2 mice, kidney collagen III mRNA levels were similar in Mrc2 +/+ and Mrc2 2/2 , whereas collagen I mRNA levels were only 1.5-to 1.8-fold higher in the Mrc2 2/2 mice on days 14 and 21, respectively. Collagen synthesis rates measured as the rate of formation of new collagen labeled with deuterium were similar in mice of both genotypes. Together these data are consistent with the view that degradation is faster in the Mrc2 +/+ mice. Although the concept that collagen turnover may occur as an intracellular process is not new, it has received very little attention until recently. In fact, most studies on the pathogenetic mechanisms of renal fibrosis still assume that this is an extracellular event mediated by MMPs despite the lack of any compelling evidence.
Since 2000, a rapidly growing body of evidence, primarily based on in vitro observations, has clearly established Mrc2 as a high-capacity collagen turnover pathway. Although the specific lysosomal proteases that degrade collagen molecules after they are imported by Mrc2 are unknown, in vitro data suggest that cathepsins play a major role. When Mrc2 +/+ fibroblasts were allowed to internalize fluorochrome-labeled collagens, collagen accumulated within the lysosomes without degradation if cells were pretreated with the cell-permeable cathepsin inhibitor E64d. 26 We found a 70% increase in kidney collagen 14 days after UUO in E64d-treated mice, supporting an important fibrosis-attenuating role for the endogenous cathepsins, although this finding alone does not establish Mrc2 dependency. Five members of the cathepsin family have known collagenolytic activity and they represent the candidate mediators of collagen turnover during renal fibrogenesis: K, B, L, S, and C/dipeptidyl peptidase 1. [49] [50] [51] Cathepsin K is of particular interest because it has been identified as one of the most potent mammalian collagenases; impaired activity has been associated with other fibrotic disorders. 45, [52] [53] [54] [55] Other than limited descriptive expression studies, very little is currently known about the role of cathepsins in renal fibrogenesis. In this study, relative to sham-operated kidneys, mRNA levels 14 days after UUO were increased to similar levels in the Mrc2 +/+ and Mrc2 2 /2 mice: cathepsin L (1.8-1.93), cathepsin K (3.3-4.83), cathepsin S (14-273), and cathepsin C (10-223). Because Mrc2-negative tubules are a rich source of cathepsins, in vitro studies were performed to gain further insight into which collagenolytic cathepsins might degrade collagen after its delivery to endolysosomes by Mrc2. We found similar mRNA expression profiles in macrophages and fibroblasts (CtsL.CtsK.CtsB.CtsC.CtsS) with no significant differences between Mrc2 +/+ and Mrc2
cells. These data suggest that Mrc2 expression and collagen delivery, rather than lysosomal cathepsin levels, are likely to be the rate-limiting step in this turnover pathway. However, it is acknowledged that mRNA levels do not determine proteolytic activity, that these data need to be confirmed in kidneyderived cell populations, and that functional studies are needed to establish whether one or more of the lysosomal cathepsins degrade the collagen molecules that are imported by Mrc2. Interstitial myofibroblasts are considered the primary source of the extracellular matrix proteins that accumulate in the interstitium in CKD and mechanisms to prevent the appearance of these cells or to enhance their clearance are considered promising therapeutic approaches. 56, 57 The remarkable finding in this study is that Mrc2 expression may enable interstitial myofibroblasts to potentially serve an antifibrotic role by degrading rather than synthesizing collagen. It has long been known that fibroblasts isolated from fibrotic organs such as the lung are functionally distinct from fibroblasts isolated from normal tissues. [58] [59] [60] [61] [62] Less attention has been paid to the possibility that within diseased tissues such as the kidney, (myo)fibroblasts may be phenotypically and functionally distinct and that mechanisms that skew these cells to an antifibrotic phenotype may mediate adaptive wound healing responses that help minimize permanent tissue damage. On the basis of the results of dual staining confocal microscopy, only a subset of these cells (approximately 15%) express Mrc2. In addition to their ability to degrade collagen, it is possible that Mrc2+ fibroblasts manifest other functions that differ from Mrc22 fibroblasts and help to reduce parenchymal injury when they are recruited to heal wounds. These findings suggest an important functional polarization of renal interstitial myofibroblasts, including some that propagate and others that attenuate renal scarring.
Most studies to date have focused on the functional role of Mrc2 as a fibroblast receptor although other cell types may express it, including macrophages, osteoblasts/osteocytes, and chondrocytes. In this study, interstitial macrophages were identified as a significant subpopulation of the Mrc2+ cells and, like the myofibroblasts, only a subset of F4/80 + macrophages were positive (4%-16% depending upon the phase of injury). In mice, two distinct populations of macrophages have been identified and shown to have unique functions: the classically activated M1 group typically associated with tissue injury and the alternatively activated M2 subset. 63 Fibrosis-or scarassociated macrophages are assumed to belong to the M2 population, although what determines their ability to repair tissues without excessive matrix deposition and parenchymal destruction remains unclear. Mannose receptor 1 (Mrc1), widely used as a marker of M2 macrophages, is also known to bind and degrade collagen, although its specific role in the wound healing has not been determined. 20 This study suggests that the presence of macrophages expressing Mrc2 directs tissue repair toward functional preservation. What remains to be determined is whether Mrc2+ macrophages and Mrc2+ fibroblasts both contribute to collagen during renal fibrogenesis in vivo. A recent in vitro study using human cell lines concluded that fibroblasts were the primary site of Mrc2-mediated collagen processing. 64 The possibility remains that Mrc2 regulates additional cellular responses that lead to fibrosis attenuation in CKD. Although its short cytoplasmic tail is not known to activate classic extracellular signaling cascades, endosomes containing Mrc2 have been shown to facilitate cellular contraction and migration in vitro via a mechanism that involves Rho GTPaseRho Rho kinase-myosin light chain signaling. 65 However, in this study, the number of interstitial myofibroblasts was actually significantly lower in the Mrc2 +/+ kidneys, whereas the number of macrophages was similar in Mrc2 +/+ and Mrc2 2/2 mice, which does not support a pro-migratory role for cells recruited to the site of chronic kidney injury. TGF-b activity seemed to be higher in the Mrc2 2/2 mice and may have contributed to worse tubular damage but this effect is likely secondary as tubules themselves are Mrc2 negative. It remains possible that future studies using isolated populations of interstitial kidney cells will also detect differences in TGF-b expression between isolated kidney Mrc2 +/+ and Mrc2 2/2 (myo)fibroblasts and/or macrophages. Like other members of the mannose receptor family, Mrc2 expresses several calcium-dependent lectin-like domains. Mrc2 expresses only one functional lectin domain, which recognizes N-acetylglucosamine. This carbohydrate is not a common terminal sugar on mammalian oligosaccharides and thus the relevance of this potential interaction to Mrc2's function in vivo is unclear. 18 Finally, it remains possible that Mrc2 elicits pericellular effects relevant to fibrogenesis that have not yet been elucidated. Mrc2 is known to bind to uPAR, a nonsignaling receptor that has also been shown to have antifibrotic effects in the kidney. 32, 35, 66, 67 Whether uPAR and Mrc2 function in an independent, complementary, or competitive manner is unclear. Collagen binding induces a significant conformational change in the Mrc2 domain that recognizes pro-uPA/uPAR such that Mrc2 and uPAR crosslinking can be blocked by collagens I, IV, and V in vitro. 66, 68, 69 uPAR has both uPA-dependent proteolytic effects and uPAindependent/integrin-mediated effects that are relevant to renal fibrosis. 44 Kidney uPA activity was upregulated to similar levels at day 14 after UUO, whereas by day 21, it was significantly higher in the Mrc2 2/2 mice, yet fibrosis was worse. Thus, the antifibrotic effects of Mrc2 cannot be explained via enhanced uPAR-uPA-mediated pericellular proteolysis and is consistent with our previous finding that genetic uPA deficiency does not exacerbate renal fibrosis after UUO. 42 In summary, this study reports striking expression of the collagen endocytic receptor Mrc2 by subsets of interstitial myofibroblasts and macrophages that invade the interstitium in response to chronic kidney injury. Expression of this receptor is associated with features suggesting that greater collagen turnover at least partially contributes to the attenuation in renal scarring and the extent of renal parenchymal damage-that is, promoting an adaptive tissue repair response. However, it is acknowledged that a gold standard in vivo measure of collagen degradation rates has yet to be developed that could provide unequivocal evidence of this difference. Nevertheless, the lysosomal cathepsins L, K, B, and C seem to be the leading candidates to function as endogenous mediators of collagen turnover by Mrc2+ fibroblasts and macrophages. Identifying mechanisms to enhance the activity of Mrc2-lysosomal cathepsin collagenolytic pathway represents a promising new therapeutic strategy to reduce kidney fibrosis and preserve kidney function.
CONCISE METHODS
Animal Models
Endo180
2/2 mice (Mrc2 2/2 mice in this article) were generated by Dr. T. Bugge as previously described. 23 Breeding colonies of the Mrc2 2/2 mice were maintained in our vivarium. The genotype of all study mice was confirmed by PCR using genomic DNA isolated from tails and the following primers: Mrc2 were performed in age-matched male mice on the FVB/NJ background, except for the hereditary nephritis mice, which were on the C57BL/6 background. UUO, the primary experimental model for these studies, was induced as previously described. 7 Groups of Mrc2 +/+ and Mrc2 2/2 male mice were sacrificed after sham or UUO surgery on days 7, 14, or 21. The chronic NTS nephritis model 70 was induced in C57BL/6 male mice by two intraperitoneal injections of IgG purified NTS (15 mg/20g body wt) on day 0 and 7.5 mg/20g body wt on day 7. Groups of two mice were sacrificed after 2, 4, 6, 8, and 12 weeks.
Mice with hereditary nephritis due to a null mutation in the Col4a3 gene were investigated at 4 months of age. 38 The genotype of each study mouse was confirmed by PCR using the following primers: WT forward, AAC ACC AGC TCT GAT GCC AAT G and WT reverse, AAT GAA AGA AAA ACC TTT CCA GAG (300-bp product); and mutant forward, ACG ACC TTT GTT AAA CTA GAA GAA GTC and mutant reverse, TGC TAA AGC GCA TGC TCC AGA CTG C (900-bp product). C57BL/6 Col4a3 2/2 Mrc2 +/+ (n=5) and Col4a3 2/2 Mrc2 2/2 (n=7) male mice were generated for this study. A unilateral nephrectomy was performed at 2 months of age based on our earlier findings that the pace of CKD is accelerated in these mice by uninephrectomy. Renal outcomes were investigated at 4 months of age. A separate cohort of wild-type mice (n=5 per group) was used to generate a pool of RNA to measure kidney procollagen I and III levels on days 0, 7, 14, and 21. In a final study, a group of wild-type C57BL/6 mice was treated with daily intraperitoneal injections of the cellpermeable cathepsin inhibitor E64d (Sigma-Aldrich, St. Louis, MO) dissolved in 1% DMSO or vehicle alone for 14 days. At the time of sacrifice the UUO or sham kidneys were harvested, the capsule was removed, and each kidney was divided in an identical fashion into sections that were processed for total collagen, zymography, RNA, protein, and histology (frozen and paraffin-embedded). Frozen tissue samples were stored at 280°C. All animal procedures were performed in compliance with the Guide for the Care and Use of Laboratory Animals and were approved by the Seattle Children's Research Institute Institutional Animal Care and Use Committee.
Cell Lines
The mouse monocytic macrophage RAW 264.7 cell line was purchased from the American Type Culture Collection (Manassas, VA) and cultured in DMEM high-glucose media supplemented with 10% FBS. Mrc2 expression was induced by adding 2.5 ng/ml recombinant IFN-g (PeproTech, Rocky Hill, NJ) for 48 hours as described by Ye et al. 71 ; in these studies, Mrc2 mRNA levels were increased .10-fold. Cells were background underwent a unilateral nephrectomy at 2 months of age and were sacrificed at age 4 months (n=5 -7 per group). The graphs show significantly higher total kidney collagen levels (A) and serum BUN levels (C) and urinary protein/creatinine ratios (D) in the then harvested for RNA isolation. Immortalized newborn skin fibroblasts that were originally derived from Mrc2 +/+ and Mrc2 2/2 mice 23 were obtained from Dr. J. Sottile, University of Rochester School of Medicine and Dentistry, 72 and grown in DMEM/F2 media supplemented with 10% FCS. When 90% confluent, the cells were harvested for RNA isolation. Mrc2 expression was confirmed by qPCR.
Antibodies
Primary antibodies used in these studies for immunostaining and Western blotting were: rabbit anti-human Endo180, 30 
Fibrosis Severity Assessment
Total kidney collagen was measured by acid hydrolysis using the hydroxyproline assay, as previously described. 41 Results were expressed as micrograms of collagen per milligrams of kidney wet weight. The interstitial area containing collagen fibrils was determined by computer-assisted image analysis of paraffin-embedded kidney sections after staining with picrosirius red. The mean positive interstitial area was calculated by an observer blinded to the animal Figure 8 . Kidney collagen synthesis rates in Mrc2 +/+ and Mrc2 2/2 mice after UUO. (A) Interstitial collagens I and III are dramatically upregulated in CKD as reflected by kidney procollagen mRNA levels measured by qPCR relative to 18S levels using samples that were pooled from five individual wild-type mice at each time-point after UUO surgery. Kidney procollagen I (a1) (B) but not procollagen III (a1) (C) levels were significantly higher in the Mrc2 2/2 mice 14 and 21 days after UUO. These data are shown as mean relative expression levels corrected to 18S 6 SD, using groups of 10 individual mice at each time point. A separate cohort of mice was continuously labeled with deuterated water after the UUO procedure (n=3 per group) and the level of deuterium incorporation into stable C-H bonds of hydroxyproline was measured by gas chromatography/mass spectroscopy to calculate the accumulation of newly synthesized collagen in the obstructed and contralateral (contra) kidneys. Total kidney collagen was confirmed to be significantly higher in this new cohort of Mrc2 2/2 mice (D), but the fractional collagen synthesis was similar in Mrc2 +/+ and Mrc2
2/2
mice when measured on day 14 after UUO (E). Results for the contralateral (contra) nonobstructed kidneys show no differences in total collagen and fractional new collagen between the genotypes.
group using the ImagePro software program from Media Cybernetics. Intraglomerular matrix areas were measured in the hereditary nephritis mice using periodic acid methenamine silver staining methods as previously described. 73 Serum BUN levels were measured in samples from the hereditary nephritis mice using a kit from Teco Diagnostics (Anaheim, CA). Using aliquots from 24-hour urine samples collected from fasting mice housed individually in metabolic cages, urinary protein was measured with a Pierce total protein assay kit and urinary creatinine using the picric acid assay.
Immunohistochemical and TUNEL Staining and Electron Microscopy
Immunostaining was performed on sections of paraffin-embedded tissue or cryosections of snap-frozen tissue using standard laboratory procedures previously described. 41 VECTASTAIN Elite ABC Kits (Vectors Labs) and AEC Chromagen K3464 (Dako Corp., Carpinteria, CA) were used for immunohistochemistry. For confocal microscopy, fluorescence signals were enhanced by tyramide amplification using kits (Vector Laboratories or Invitrogen) and nuclei were stained with TO-PRO-3 iodide. After excluding glomeruli and large vessels, the mean positive tubulointerstitial area was measured for each experimental animal using a computerized image analysis system with a Leica DM4000 microscope and ImagePro software program (Media Cybernetics, Bethesda, MD). All immunostaining procedures included confirmation that staining was negative when the secondary antibody was used alone. All slides were coded to ensure that the observer is blinded to the animal group at the time of quantitative analyses. Confocal microscopy was performed using an Olympus FluoView 1000MPE multiphoton laser scanning confocal microscope. The percentage of dual-positive cells (PDGFR-b or aSMA+ cells expressing Mrc2 and F4/80+ cells expressing Mrc2) were determined using the colocalization analysis tool. Apoptotic cells were detected in kidney sections using the TUNEL assay on formalinfixed tissue sections as previously described, using proteinase K pretreatment (6.7 mg/ml; Boehringer-Mannheim, Indianapolis, IN), followed by incubation with TdT (280 units/ml; Pharmacia Biotech) and Bio-14-dATP (7.2 mM; Invitrogen) in One-Phor-All buffer. 7 Biotinylated ATP was detected using the using the VECTASTAIN Elite ABC kit (Vector Labs.). Cells were regarded as TUNEL-positive if their nuclei were both stained and had an apoptotic morphology characterized by typical nuclear pyknosis and chromatin condensation. The number of TUNEL-positive cells in each specimen was calculated in a blinded fashion by counting the number of TUNEL-positive tubular cells in an average of eight sequentially selected nonoverlapping fields of renal cortex at 3400 magnification. Results were expressed as the mean number of apoptotic cells per 3400 field.
Samples from two sham and two day-14 UUO kidneys were processed for routine electron microscopy after 3.0% glutaraldehyde fixation.
Western Blotting
Protein was isolated from homogenized frozen kidney in the presence of Complete Protease Inhibitor Cocktail without EDTA (tablets from F. Hoffmann-La Roche Ltd, USA), equally loaded into 9% polyacrylamide gels according to protein concentration, separated by electrophoresis, and transferred to polyvinylidene fluoride membranes and stained with specific antibodies according to methods routinely performed in our laboratory. Specific bands were visualized and quantified using the Li-Cor Odyssey infrared imaging system (Li-Cor Biosciences, Lincoln, NE). Band densities were corrected for protein loading based on b-actin band densities.
mRNA Levels
Total kidney RNA was isolated from kidney tissue homogenates and isolated kidney cells using the automated Maxwell 16 System and Total RNA Purification kit from Promega (Madison, WI). RNA integrity and concentration were determined using Agilent RNA 6000 Nano Chips and the Agilent 2100 Bioanalyzer system (Agilent Technologies, Foster City, CA); samples (1 mg) with a RNA integrity number .8 were reverse transcribed with MMLV reverse transcription using a combination of random hexamers and oligo-dTs and the cDNA synthesis kit from Bioline (Taunton, MA). qPCR was performed according to the IQ SYBR Green Superkit (Bio-Rad) instructions using gene-specific primers shown in Supplemental Table 1 for Mrc2; procollagen I (a1) and III (a1); cathepsins B, L, K, S, and C; and TGF-b1 receptor. Real-time qPCR reactions containing 1.5 ml (6 ng) of cDNA, 0.2 mM primers, and the 23 SYBR Green Supermix were run in the Bio-Rad iQ thermal cycler with programs specific for the respective gene. Reactions were run in triplicate and genes of interest were normalized to the 18S housekeeping gene. All primers were optimized for efficiency and absence of primer-dimers confirmed primer specificity. Single amplicons of the right size were confirmed by gel electrophoresis. Data analysis was performed using the Pfaffl algorithm with the REST analysis software (version 1.9.9; Corbett Research Pty Ltd). Final results were expressed as fold-increase relative to wild-type or control samples as appropriate.
Collagen Turnover and Synthesis
In a group of Mrc2 +/+ and Mrc2 2/2 male mice (n=3 per group), kidney collagen synthesis was determined by quantifying incorporation of deuterium ( 2 H) into hydroxyproline during the 14 days after UUO. After the surgery, each mouse received an intraperitoneal loading dose of 100% deuterated water ( 2 H 2 O) (35 ml/g body wt) that is calculated to achieve an initial 5% enrichment of the total body water with 2 H. Beginning immediately after the surgery, the drinking water was replaced with 8% 2 H 2 O until the mice were sacrificed 14 days later. The incorporation of deuterium into the stable C-H bonds of hydroxyproline in newly synthesized collagen by gas chromatography/mass spectroscopy as previously described. 39, 74 Protease Activity
Kidney uPA activity was measured by plasminogen-casein gel zymography as previously described. 40, 41 In brief, pieces of frozen kidney were homogenized in buffer (1% SDS in 50 mM Tris pH 7.6). Protein samples (10 mg) were separated by electrophoresis in 10% SDSpolyacrylamide gels containing plasminogen (10 mg/ml) and casein (2 mg/ml). The gels were washed with 2.5% TritonX-100 to remove SDS, and incubated for 16 hours at 37°C in a 0.1 mol/L glycine solution, and stained with Coomassie brilliant blue. The gel was photographed, and the size of each lytic band was measured using the Image Quant software program (Molecular Dynamics, Sunnyvale, CA). A human low molecular mass (33 kD) uPA standard (CalbiochemNovabiochem Corp, La Jolla, CA) was loaded into the outer lane. uPA activity was confirmed in a separate gel by the disappearance of the lytic band in the presence of amiloride. 40 
Statistical Analyses
All data are presented as the mean 6 SD. A nested ANOVA was used for data generated by computer-assisted image analysis. For image analysis data, the arithmetic mean of all randomly selected images from each slide (6-9) for each individual animal was used to calculate the reported mean for each group. Comparisons between two experimental groups used an unpaired t test for parametric data and the Mann-Whitney U test for nonparametric data. P,0.05 was considered statistically significant. 
